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ABSTRACT
The reaction between elemental sulfur and a Schiff 
base, N-(4,4•-dimethoxybenzohydrllidene)benzylamine, 
(CH3-O-C6H4)2 C=N-CH2-CeHs, was studied over the tempera­
ture range 100° to 210°C. Reactions were carried out on 
bulk mixtures of the two in sealed test tubes. Temperature 
of the reaction mixtures was controlled by an aluminum 
block heater which was thermostatically controlled at the 
desired temperature.
Concentrations of the known products were determined 
on solutions of the reaction mixtures in benzene or carbon 
disulfide. The known products were p,p'-dimethoxythio- 
benzophenone, (CH3-O-C0H4)2C=S; benzonitrile, C6H5C=Nj and 
hydrogen sulfide, H2S. The thioketone concentration was 
determined by its characteristic absorption at 590 mjji. 
Hydrogen sulfide concentrations were determined in two 
ways: (l) by reaction of the dissolved H2S with excess
silver nitrate and determination of the excess with ammonium 
thlocyanate, (2) by absorbing the liberated H2S and de­
termining the amount absorbed. Method (l) required a cor­
rection for the amount of thioketone since this substance 
also reacts with silver nitrate. Method (2) gave very low 
values for H2S indicating that free hydrogen sulfide was
vii
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not readily liberated from the reaction mixture. Benzo­
nitrile concentrations were determined by a vapor chroma­
tographic method.
The rate of thioketone formation was shown to have 
first order dependence on reagent concentration over the 
temperature range studied and to have a first order depen­
dence on sulfur concentration between 150° and 210°C» The 
order of dependence on sulfur concentration was observed 
to be 1/2 at temperatures below 150°C. Pseudo first order 
rate constants were determined at several temperatures by 
studying the rate of appearance of thioketone in mixtures 
where sulfur concentration was constant at the saturation 
point. Temperature dependence studies showed an activation 
energy of 29-5 kcal/mole. Entropy of activation was cal­
culated from the Eyring equation as -11 e.u. and free 
energy of activation was 5^*5 kcal/mole.
Two additional products of reaction were observed 
but not identified. One product occurring in small amounts 
was soluble in aqueous sodium hydroxide. The other occurred 
in amounts approximately the same as the thioketone. The 
second product was Isolated as a white powder readily 
soluble in benzene, carbon disulfide and dilute aqueous 
hydrochloric acid. Carbon disulfide solutions of the 
product were colorless initially but within a few hours
viii
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developed the deep blue color, characteristic of the thio­
ketone. Benzene solutions did not show this behavior. On 
the basis of infrared absorption spectra, this product was 
assigned a structure containing a heterocyclic ring.
A free radical mechanism was proposed for the reac­
tion between sulfur and the Schiff base. Diradicals of 
sulfur from opened Sa rings attack the benzylic hydrogens 
of the reagent. Rearrangement of the resulting free rad­
icals and further reaction with sulfur radicals in logical 
steps were used to explain formation of known products.
The opening of the Sa ring was attributed to thermal acti­
vation at higher temperatures and to activation by inter­
action of the nitrogen group of the Schiff base with the 
sulfur ring. At lower temperatures the thermal activation 
was considered negligible and this was suggested as an 
explanation for the apparent change of order of dependence 
on sulfur concentration below 150°C.
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CHAPTER I 
INTRODUCTION
Sulfur Is a very Interesting and versatile ele­
ment. It has been observed to function with almost equal 
ease as a target for radical, electrophillc and nucleo- 
philic reactions. Bateman, Moore and Porter(6) attribute 
this unusual versatility to four characteristics: (a)
t
its electronegativity which is near that of carbon* (b) 
in its compounds the sulfur atom may possess from one to 
three pairs of non-bonding electrons, (c) it is capable 
of stable covalent bonds with itself, and (d) it is cap­
able of existing in di, tri, tetra, penta and even hexa 
covalent states. As a result of these characteristics, 
reactions of sulfur and sulfur compounds are quite often 
unpredictable and generally diverse. These factors make 
studies in organic sulfur chemistry difficult and often 
lead to widely different interpretations of results by 
various investigators.
Perhaps the most widely used sulfur reaction is 
that of rubber vulcanization. This reaction has been 
studied extensively for many yea.rs and still there is 
considerable speculation as to the exact mechanism. The 
presence of many other compounding Ingredients complicates 
the picture and has led to studies in simplified systems.
1
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Free radical mechanisms have been suggested and generally 
accepted until recently. Ionic mechanisms have been sug­
gested by Bateman(5) and others. Lenz and Carrington(29) 
suggest the possibility of both radical and ionic mechanisms 
in a reaction of sulfur with p-dichlorobenzene.
Much interest has been shown in the study of sulfur 
reactions recently. Because of the complicated nature of 
most reactions it is desirable to make these studies in 
systems which give well defined products and reproducible 
reactions under controlled conditions. Moreau(32-37) in 
a series of six papers studied the reaction of diphenyl- 
methane and sulfur quite thoroughly. Tsurugi and co­
workers (49-57) report studies of the same reaction in a 
series of papers. Tsurugi used the diphenylmethane as a 
model rubber hydrocarbon in studying the chemistry of vul­
canization. He extended the work to Include the effects 
of typical vulcanization accelerators. Selker and Kemp(46) 
used 2-methylbutene as a model hydrocarbon for vulcaniza­
tion studies. Bartlett and co-workers(3,4) studied reac­
tions of elemental sulfur with triarylphosphines and with 
alkali cyanides. Foss(l8) also studied reactions with 
sulfur and cyanides. In all these reactions the products 
are quite well defined and reproducible.
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The reaction of elemental sulfur with '-di-
methoxybenzohydrilidene)benzylamine (CHsOCeKU)2C=N-CH2CeH5 
was reported by Schonberg and Urban(44) in 193^. This re­
action was adapted to a quantitative determination of ele­
mental sulfur by Ory, Warren and Williams(40). They showed 
that the reaction gave reproducible amounts of p,p'-diani- 
sylthioketone (CH30C6H4)2C=S, a blue colored compound, 
easily determined^by a characteristic absorption at 590 mjr. 
Neely(59) studied the infrared spectra of the reagent and 
reaction products and was able to assign most of the ob­
served bands to characteristic groups. In these studies 
hydrogen sulfide, benzonitrile and p,p'-dimethoxythiobenzo- 
phenone (dianisylthioketone) were identified as products. 
Indications were seen that other products were being formed. 
These products were npt identified.
This reaction between elemental sulfur and a specific
Schiff base, N-(4,^1-dimethoxybenzohydrilidene)benzylamine*
offered interesting possibilities for further study and is 
in fact the basis for the kinetic and mechanism studies 
reported here. The products appear to be reproducible and 
the characteristic absorption of the blue colored thioketone 
provides a means for quantitative measurements.
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CHAPTER II 
HISTORICAL APPROACH TO THE PROBLEM
Reactions of elemental sulfur with organic compounds 
have attracted wide interest for many years. This interest 
has been greatly stimulated by the importance of sulfur in 
rubber vulcanization and the presence of sulfur compounds 
in petroleum products. Sulfur reacts readily with most un­
saturated hydrocarbons and at higher temperatures with satu­
rated hydrocarbons and aromatics. The mechanisms of such 
reactions have been the subject of numerous studies. In most 
reactions of sulfur and hydrocarbons, a number of products 
are foimed and interpretation of results is quite difficult.
Much work has been done on evaluation of physical 
properties of elemental sulfur and the effect of temperature 
on these properties. A review on earlier studies of sulfur 
properties was written by Gee(21). The influence of even 
very small amounts of impurities on physical properties and 
thermodynamic functions caused rather large variations in 
values reported by different investigators. Recently the 
preparation of very pure sulfur samples has stimulated re­
newed interest in evaluating properties of the element.
These new and more accurate data should be very helpful in 
all phases of sulfur chemistry. Pairbrother, Gee and Mer- 
rall(l6) studied the equilibrium polymerization of sulfur
4
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from 120°C. to 210°C. When they attempted to extend this 
study to dilute systems they found no diluent which was 
completely inert to molten sulfur at 200olC. This high re­
activity of the element has been a problem in many studies. 
West(6o) measured the properties of very pure sulfur and 
Tobolsky and Eisenberg(47) did further studies on equili­
brium polymerization of liquid sulfur. Ivin(28) studied 
the data of these investigators to obtain revised thermo­
dynamic values. Extensive vrork on paramagnetic resonance 
measurements of 3ulfur, by Gardner and Fraenkel(20) gave 
interesting information on the heat of scission of S-S bonds 
and on the free radical concentration in liquid sulfur at 
various temperatures. They found the heat of scission in 
the Se molecule to be 35-4 + 4.8 kcal per mole. The free 
radical concentration in liquid sulfur increased with tem­
perature reaching (1.1 + 0 .6) x 10“3 moles per liter at 
300°C. Parker and Kharasch recently reviewed the scission 
of S-S bonds(4l).
The mechanism of rubber vulcanization by sulfur has 
been the subject of many investigations. Other compounding 
ingredients present in the mixture and the nature of rubber 
itself ha\e made such studies so difficult that simpler model 
systems have been sought. Tsurugi(48) reviewed the reactions 
of hydrocarbons with sulfur in vulcanization type reactions 
and more recently(49-57) he did an extensive study using di- 
phenylmethane as a model hydrocarbon. As products he obtained
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diphenylthioketone and hydrogen sulfide in equivalent amounts 
and concluded that they resulted from a secondary reaction. 
His interpretation was that dibenzhydryl disulfide was formed 
as the first product and its decomposition gave the thioke­
tone and hydrogen sulfide. He extended the investigation to 
cover the effect of various additives normally regarded as 
vulcanization accelerators, In the presence of such materials 
the amount of hydrogen sulfide was Increased. When zinc 
butyrate was used the hydrogen sulfide was not liberated but 
was retained as zinc sulfide.
Moreau(52-37) in working with the sulfur-dlphenylme- 
thane system reached qui1?e different conclusions. He pro­
posed that the thioketone was the first identifiable product 
and that other products resulted from interactions of the 
thioketone, hydrocarbon and sulfur. His data showed that 
90# of the thioketone was formed before any hydrogen sulfide 
was liberated and he proposed a mechanism to explain this.
The formation of thioketone directly from diphenylmethane 
was not readily explained. When the reaction was continued 
or carried out at higher temperatures the primary product 
was tetraphenylethylene with small amounts of tetraphenyl- 
ethane and some tarry products. In much earlier work 
Ziegler(62) apparently did not observe any of the blue 
thioketone as he reported only tetraphenylethylene and a 
little tetraphenylethane as products.
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Interest in the mechanism of vulcanization was stimu­
lated by these and other studies. For some time, mechanisms 
involving free radicals have been fairly well accepted. Re­
cently Bateman and co-workers(5) suggested a polar mechanism 
on the basis of the following observation: non-retardation
by free radical inhibitors, non-catalysis by free radical 
initiators, catalysis by polar substances such as amines and 
iodine, and an increase in rate in solvents of higher di­
electric constant. In their work the chain carriers were 
identified with cations because of the susceptibility of 
non-activated double bonds to electrophilic attack and their 
resistance to nucleophilic reagents. Heterolysis of sulfur- 
sulfur bonds rather than homolysis was proposed. 0thers(l3) 
have suggested the possibility of both ionic and free rad­
ical mechanisms in some sulfur reactions.
Thioketones and thioaldehyd.es have been of interest 
for some time; however, their study has been complicated by 
the tendency of the simpler compounds to dlmerize. Schon- 
berg and co-workers(43,44,45) were quite active in working 
with thioketones which contained aryl groups. The presence 
of the aryl groups stabilizes thioketones in the monomeric 
state. Schonberg observed that sulfur reacted with the 
Schiff base, N-(4,4'-dimethoxybenzohydrilidene)benzylamine 
to give a thioketone. It appeared to be a unique and 
specific reaction for elemental sulfur. They were apparently
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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little interested in the kinetics or mechanism of the re­
action leading to the thioketone. Schonberg's observation 
of this reaction of elemental sulfur led Ory and co-workers 
(40) to develop a quantitative method for determination of 
free sulfur on this basis. Their observation that other 
products or intermediates were being formed made it of in­
terest to study this interesting reaction further.
Donle and Volkert(14) evaluated the physical prop­
erties of several organic compounds including those of 
p,p'-d.ianisylthioketone —  the thioketone of interest in 
this study. They measured the dipole moment and found it 
to be 4.44 debye compared to 3*90 debye for the ketone.
Its dielectric constant was 2.5* Prom visible spectra the 
characteristic absorption at 590 mp, was used to determine 
a molar extinction coefficient of 509 moles/liter/cm.
Prom this limited survey it was evident that much 
work remained to be done in establishing satisfactory 
mechanisms to explain elemental sulfur reactions. The 
reaction of sulfur with a specific Schiff base to yield a 
highly colored thioketone offered interesting possibilities 
for a study that could yield information of value in the 
field of elemental sulfur reactions.




Infrared spectra were obtained using a double beam 
Perkin Elmer, Model 21, recording spectrophotometer.
Spectra of solid materials were obtained on potassium 
chloride pellets containing small amounts of the sample. 
These pellets were prepared in a Perkin Elmer potassium 
bromide die from a mixture of potassium chloride and sample 
that had been finely ground in a "Wigglebug." Spectra of 
solutions were obtained by use of a sodium chloride cell 
of variable path length. Solvent was compensated for by 
using another variable cell in the reference beam.
Visible spectra were obtained using a Beckman Model 
DK-1 recording spectrophotometer with matched quartz cells 
of 1 cm or 5 cm path length.
Benzonitrile was determined by use of a high tem­
perature P & M Scientific Glassware vapor chromatographic 
unit. A "Celite" packed column four feet in length with 
a silicone grease fluid was used at 155°C. The retention 
time of benzonitrile under these conditions was 14 minutes.
9
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Most of the reactions were carried out in sealed 
6 x 50 mm test tubes. The reaction mixture temperature 
was controlled by an aluminum block heater illustrated in 
Figure 1. The rolled aluminum block, drilled to hold four­
teen tubes, was heated by two 60 watt cartridge type heaters 
inserted lengthwise into the block. Block temperature was 
indicated by a thermometer inserted lengthwise into the 
block between the rows of reaction tubes. The temperature 
was controlled by the circuit shown in Figure 2. This cir­
cuit was activated by a high resistance thermistor probe in­
serted into the block between the heaters. As temperature 
increased the resistance of the thermistor increased until 
it balanced the resistance set on the variable resistor and 
cut off the power to the heaters. Control units of this 
type are available from Yellow Springs Instrument Company, 
Inc., Yellow Springs, Ohio. For this particular application 
the unit was modified by inserting a ten turn 2000 ohm 
"Micropot" shown as Rx- This replaced the original variable 
resistance and extended the usable range and precision of 
the circuit. Line voltage to the heaters was controlled 
by a Powerstat at a setting to produce a temperature only 
slightly above the desired control temperature. For cali­
bration and determination of the operating characteristics
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1.1
Figure 1
Aluminum Block Heater for 
6 x 50 irim Test Tubes
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of the heater, a thermistor indicating theimometer with 
output to a Varian recorder was used. The small thermis­
tor probe for this use was obtained from Gulton Industries,c?
Inc., Metuchen, New Jersey.
It was determined that the contents of a tube reached 
block temperature within 80 seconds after insertion into the 
block. This heat up time was found to be essentially the 
same at 170°, 190° and 210°C. Temperature was controlled 
to + 0 .2°C. from the average temperature at- the set point.
By very careful adjustment of the Powerstat and by locating 
the control probe very near the heaters, the precision was 
increased to + 0.1°C. It should be practical to improve 
this precision even further by careful selection of a ther­
mistor probe with a higher thermal resistance change per 
degree in the operating temperature range. The control 
circuit, Powerstat and temperature indicator were installed 
in a metal cabinet as a compact portable unit. For larger 
scale reactions, a similar block was drilled to hold a 
15 x 100 mm test tube. This unit is shown in Figure 
Both blocks were insulated by wrapping with asbestos tape 
or fitting into an insulation block. This improved the 
temperature control by decreasing heat loss.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 4























was obtained from Eastman Organic Chemicals, Number 4400. 
Since the purity of this particular sample had been estab- 
lished(39), It was used as received without further puri­
fication.
The sulfur used was Baker Chemical USP grade. It 
was not purified further but was finely ground and dried 
under vacuum.
Several other organic chemicals were used for spectra 
comparison. They were obtained from Eastman Organic Chem­
icals and were used without further purification.
Solvents were reagent grade. Carbon disulfide and 
carbon tetrachloride were used as received. Benzene was 
dried over silica gel and stored over sodium ribbon. Ethyl 
ether was also stored over sodium ribbon.
Methods
Most reactions were carried out in sealed tubes for 
the desired reaction time. The tubes were then quenched 
in a carbon tetrachloride bath and their contents dissolved 
quantitatively in a suitable solvent. Benzene was pre­
ferred for spectra measurements in the visible range and 
carbon disulfide was preferred for the infrared range.
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Solutions in carbon tetrachloride showed erratic results 
on absorbance measurements. In some tests, reactions were 
carried out in tubes where the contents were gently swept 
with nitrogen to remove hydrogen sulfide. The hydrogen 
sulfide was absorbed and later determined by titration.
The separation of reaction products for identifica­
tion studies was carried out according to methods outlined 
by Cheronls and Entrlkin(lO) and McElvain(j50).
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CHAPTER IV 
EXPERIMENTS AND DISCUSSION OF RESULTS
In the study of the reaction between elemental sul­
fur and N-(4,4'-dimethoxybenzohydrilidene)benzylamine, 
henceforth referred to as the reagent, the following items 
were investigated:
(a) preliminary reaction studies;
(b) dependence of the reaction rate on reagent 
concentration at constant sulfur concentration 
over a wide range of temperatures;
(c) dependence of the reaction rate on sulfur con­
centration with excess reagent present;
(d) reaction rates at various temperatures and 
determination of activation energy, entropy 
of activation and free energy of activation;
(e) identification of reaction products and estima­
tion of the amounts produced;
(f) effect of additives on reaction rates; and
(g) consideration of possible reaction mechanisms 
consistent with the kinetics and other ex­
perimental observations.
Preliminary Investigations
The initial experiments were made on bulk mixtures 
of reagent and sulfur in open tubes heated by an oil bath
17
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at the reaction temperature. Non-volatile reaction products 
were dissolved in benzene and the infrared spectra obtained 
and compared with spectra of the reagent and kncvm products, 
i.e., benzonitrilef hydrogen sulfide and. p,p'-dimethoxythio- 
benzophenone. It was observed that most of the benzonitrile 
and hydrogen sulfide were lost during reaction at 210°C. In 
order to study the kinetics it appeared desirable to work In 
a closed system in solution with provision for periodic 
sampling. A number of experiments were tried with benzene, 
as the solvent and a 100 ml, 10,000 psi stainless steel bomb 
as reaction vessel. Even on prolonged reaction and at in­
creased temperature, the characteristic blue color associated 
with the reaction was never observed. Rather, the sulfur 
reacted preferentially with benzene. An investigation of 
the literature disclosed numerous references to the reaction 
of most hydrocarbons Including benzene and toluene with sul­
fur. Glass and Reid(22) discussed the reaction of benzene 
and sulfur at 350°C. to give hydrogen sulfide, thiophenol, 
diphenyl disulfide, diphenyl sulfide and tar. Dougherty 
and Hammond(15) discussed the reaction of sulfur and benzene 
in the presence of aluminum chloride. Products were di­
phenyl sulfide and thianthrene. Uloth(58) described a 
purification of benzene by heating at 250°C. with sulfur. 
Baker and Reid(l) described reactions of heptane and butane
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with sulfur at 500°C. Horton(24) discussed the reaction 
of sulfur and toluene at 200°C. to give at least five 
products. Because of these factors and since the reaction 
failed to proceed as expected the idea of studying the re­
action in- solution was abandoned.
It was then decided to try tests with only the re­
agent and sulfur present in sealed test tubes. The reac­
tants were finely ground in a "Wigglebug" using a stainless 
steel tube and balls. The powders were thoroughly dried in 
vacuum desiccators and analytically weighed amounts were 
thoroughly blended in dry form. Weighed portions of the 
blend were transferred to 6 x 50 mm test tubes and the 
tubes were sealed. In some additional reactions, tubes 
were left open and in still others, tubes were gently 
flushed with nitrogen. During the course of the reactions 
no apparent.differences in reaction characteristics were 
noted though slight rate differences were observed. Reac­
tion, mixture temperatures were controlled by the aluminum 
block heater described previously.
It had been reported earlier that the reaction did 
not proceed at temperatures below 185°C.(39)* however, 
tests were extended stepwise from 210° to 100°C. and the 
reaction was found to occur at all temperatures in this 
range. Reactions were not studied below 100°C. since the
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reagent melts at 96°C.j however, it seems possible that 
the reaction could occur at lower temperatures if a solid 
solution could be prepared.
The effect of various ratios of sulfur and reagent 
was studied at several temperatures and a limited solu­
bility of sulfur in the reagent was observed. When the 
solubility limit was exceeded the excess sulfur could be 
observed as a golden sphere in the bottom of the tube.
This sulfur gradually disappeared as the reaction proceeded. 
At 100°C., which is below the melting point of sulfur, the 
excess of sulfur was present as the original fine powder 
and it gradually disappeared as the reaction continued.
In the first series of tests the tubes were reacted 
for the desired length of time, removed from the block and 
quenched, by vigorous shaking in the air. This was not 
satisfactory, especially at higher temperatures, and it 
was found that the tubes could be quenched without breaking 
in a cold carbon tetrachloride bath. All reactions after 
the first series were treated in this manner.
Reactions at higher concentrations of sulfur showed 
that during the early stages the concentration of p,p'- 
dimethoxythiobenzophenone, henceforth referred to as the 
thioketone, increased as a function of time. The concen­
tration reached a peak and then decreased on further
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heating. When the sulfur concentration was reduced to the 
region of one gram atom per two gram moles of reagent, the 
concentration of thioketone reached, a constant value and. 
was not changed on further heating. This is shown graph­
ically in Figure 4 for a series of reactions at 170°C. The 
data are in Table I. In this table the amounts of thio­
ketone are expressed, as gram moles of thioketone per gram 
mole of original reagent. This is an expression of the 
conversion of reagent to thioketone as well as a unit of 
concentration.
The amount of thioketone was determined by measuring 
the absorbance of a benzene solution of the reaction mix­
ture at 590 mp. A molar extinction coefficient of 309 
moles per liter per cm was used to calculate the concen­
tration. This value was calculated from the data of Donle 
and Volkert(l4).
Determination of the Dependence of Reaction Rate on Reagent 
Concentration
At higher sulfur concentrations an excess of sulfur 
exists in the early stages of the reaction, so that the 
concentration is maintained constant at the saturation 
point; thus the dependence of the reaction rate on reagent 
concentration could be obtained by studying the reaction

















Conversion of Reagent to Thioketone at 





•H £/S - 1.28270 -
6o —rH
S - 0.60550 —
40 —
20 F^S = gram moles reagent/gram atom sulfur
10
404 24 28168o 12 20





Conversion of Reagent to Thioketone 
at Various Temperatures 
1st Series
Time (*) Absorbance @ 590 mp.̂ 2) Conversion^3)
210°C., Sealed tubes 
Gram moles reagent/gram atom sulfur = 0.504
0 0.331 .0444






Open tube with nitrogen flush 
Gram moles reagent/gram atom sulfur = 2.065
0 0.120 .0161





240 1.190 • 1595
600 1.201 .1610
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TABLE I (Continued)
Time (1) Absorbance @ 590 my/2) Conversion^3)
45 seconds
Open tube, no flush 











190°C., Sealed tubes 
Gram moles reagent/gram atom sulfur = 0.584
0 0.060 .0080





480 1 0.579 .0776




(minutes) Absorbance Conversion Absorbance Conversion
170°Co, Sealed tubes 
Variable reagent/sulfur ratios
*R/S = 0.296 *B/S = 0.605
2 .056 .0075 .054 .0072
4 .111 .0149 .055 .0047
8 .440 .0590 _o4?5 .0583
16 .556 o0719 .612 .0820
52 -299 .0401 .412/ = 0552
48 COCVl0 .0585 o515 .0422
*B/S = 1.282 *R/S = 2.073
2 .055 .0074 .050 .0040
4 .098 .0151 .090 .0120
8 • 525 .0455 .516 .0433
16 .627 .0840 .678 .0909
24 — — .806 .1081
52 0-=fin0 .0724 — —
56 .831 .1114
48 .507 .O00O .7 99 .1071
* Gram moles reagent/gram atom sulfur.




150°C., Sealed tubes 
Gram moles reagent/gram atom sulfur = 0.504







100°C., Sealed tubes 
Gram moles reagent/gram atom sulfur = O .586
2 hours .015 .0020
6 hours, 8 minutes .055 .0044
12 hours .066 .0088
18 hours .168. .0225
52 hours, 10 minutes .411 .0551
60 hours, 1 min. .392 .0526
'Eero time is coirsidered as 80 seconds after inser­
tion of the tube into the blocko
2Reaction products were- dissolved in benzene so that 
the concentration was 8 grams of original reagent 
per liter of solution. Absorption was determined in 
1 cm cells at 590 mji.
3This conversion value is the moles of original re­
agent converted to thioketone.
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data in early stages of the reaction. This was done over 
the temperature range 100° to 210°C. and a first order 
dependence .was established in that a plot of log concen­
tration of thioketone, a product, was linear with time. 
Typical plots are shown in Figure 5 and the data are tabu­
lated in Table I. This work was repeated two additional 
times in which a large scale mixture of sulfur and the 
reagent was prepared. Portions of the same mixture were 
used over the entire temperature range. The data for 
these two series are given in Tables II and III.
The data of the second series are somewhat erratic. 
In this series a lower sulfur concentration was used and 
it is likely that the duration of saturated conditions was 
too short. In addition, carbon tetrachloride was used as 
solvent with dilutions quite high to permit use of 5 cm 
absorption cells in measuring absorbance at 590 m|i. Better 
data were obtained in higher concentrations with benzene 
solvent and 1 cm absorption cells. The third, series is 
considered to be the best of the group as techniques were 
well established by the time of this series.































Log Conversion vs. Reaction Time
CO
1.8—




40 60 80 140 1600 20 100 120
Reaction Time: (minutes @ 130°C.)(minutes x 10 @ 170°C.)
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TABLE II
Conversion of Reagent to Thioketone 
at Various Temperatures 
2nd Series
Time Absorbance^ Grams Reagent Conversion
Gram
210°C., Sealed tubes 
moles reagent/gram atom sulfur = 1.878
0 .220 .1148 .0206
10 seconds .180 .1058 .0185
15 • 295 .0995 .0318
20 .590 .0968 .0432
50 .515 .0887 .0622
40 .405 . .0690 .0629
50 .570 .0658 .0603
60 • 550 .0610 .0952
190°C., Same mixture
0 .105 .1154 .0099
15 seconds .115 0O807 .0153
25 .080 ' .0911 .0094
40 .145 .1065 .0146
50 .155 0IO98 .0151
60 .150 .0876 .0184
75 .175 o0922 .0204
90 .175 .0757 .0245
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TABLE II (Continued)
Time Absorbance Grams Reagent Conversion
170°C., Same mixture
20 seconds .094 .1045 .0096
40 .074 .0903 .0088
60 .049 .0854 .0062
90 .074 .1040 .0076
120 • o CD V>J .0973 .0092
150 .085 .1207 .0074
180 .099 .0949 .0112
240 .121 .1082 .0120
150°C., Same mixture
1 minute .028 .0705 .0045
2 minutes • 093 .1111 .0090
3 .070 .0804 .0095
4.5 .046 .0762 .0065
6 .121 .0909 .0145
8 .070 .0850 .0090
12 .076 .1007 .0081
16 .115 .0710 .0174
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TABLE II (Continued)
Time Absorbance^ Grams Reagent Conversion
130°C., Same mixture
4 minutes .160 .1145 .0010
8 • 097 .0758 .0063 -
12 .130 .1083 .0084
16 .113 .0880 .0075
24 .144 .1017 .0095
52 .174 .1195 .0113
44 • 550 .1244 .0227
56 .236 .0696 .0155
< 100°C., Same mixture
30 minutes .075 .0835 .0039
1 hour .130 .0982 .0057
1 hr., 31 mins. .158 .1069 .0063
2 hours .090 .0801 .0048
3 hrs., 12mins. .094 • 0759 .0055
5 hours .152 .0780 .0084
10 hrs., 36mins. .204 .0789 .0111
14 hrs., 4 mins. • 558 .0943 .0163




170°C., Same mixture. Benzene used as 
solvent in determining absorbance. Con­
centration .0392 moles per liter on basis 
of original reagent.
1 minute .061 .0050
2 minutes .097 .0080
4 .167 .0138
8 • 335 .0277
16 .906 .0748
24 .890 • 0735
36 .716 • 0591
120|°C., Same as above.
15 minutes .036 .0030
30 .047 .0039
1 hour .071 .0059





xAbsorbance of the reaction products for the series 
at 210, 190/ 170 and 150° measured on 50 ml volu­
metric carbon tetrachloride solutions of the products. 
For the series at 130 and 100% 20 ml solutions were 
used and for the last two series benzene_ was used as 
noted. 5 cm cells were used for all series except the 
last two, where 1 cm cells were used.
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TABLE III
Conversion of Reagent to Thioketone 










Gram moles reagent/gram atom sulfur = 0.592 
Sealed tubes. Samples dissolved in benzene 
to contain 15 grams original reagent per liter. 
1 cm cells used for absorbance measurement.
210°C. 190°C.
0 .611 .044 15 seconds .107 .0077
15 seconds • 556 .040 45 -309 .0220
30 1.638 .117 75 .586 .0419
45 1.504 .107 3.05 .891 .0637
60 1.720 .123 135 1.357 .0970
170°C. 150°C.
1 minute • 053 .0038 6 minutes o079 .0056
2 minutes .105 .0075 10 .140 .0100
4 .280 .0200 14 .228 .0163
6 .556 .0398 18 .362 .0259
8 • 933 .0667 24 .528 .0378
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Time Absorb- Conver- Time Absorb- Conver-
ance sion anee sion
130°C. 120°C.
15 minutes »048 .0034 30 minutes -057 .0041
30 o094 .0067 1 hour ,102 .0073
45 .167 .0119 1.5 hours .172 .0123
60 .245 .0175 2.25 .279 .0200
90 b-CVJ0 .0305 2.67 ,309 .0220
3 •>363 .0260
100° c .
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First order rate constants were evaluated from all 
three series of data by plotting logio against time.
Crp is the concentration of thioketone in gram moles per gram 
moles of original reagent. Rate constants are obtained as 
2.303 times the slope of the lines, Typical data are shown 
graphically in Figure 6. The rate constants obtained at 
the various temperatures are tabulated for the three series 
in Table IV. A plot of log of these rate constants against 
the reciprocal of the absolute temperature shows essentially 
a straight line over the temperature range 100° to 210°C.
The slope of this line (Figure 7) is -6440 degrees/sec., 
indicating an activation energy of AHa = 29*47 kcal/mole.
The entropy of activation was calculated from the Eyrlng 
Equation(23) and values at all temperatures are given in 
Table V. Values are of the order -11 e.u. These calcula­
tions were made as follows:
Where: R is the gas constant in appropriate units, T is
the absolute temperature, N is Avogadro's number and h is 
Planck's constant.
ASa -AHa
k RT R RT Tfc e e Nh
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Cm = Conversion of Reagent 
to Thioketone
13 142 3 ^ 5 6  7 8  9 10 11 12Reaction Time: Hours (100°C.)* Minutes (170°C.)
20 30 40 50 60 70 80 90 100 110 120 130 140
Reaction Time: Minutes (120“C., 130°C.)
4 6 8 10 12 14 16 18 20 22 24 26 28




First Order Rate Constants at Various 
Temperatures for Three Series
k, seconds"1
Tempe rature, 0 C. 1st Series 2nd Series 3rd Series
100 2.16x10"7 2.90x10"7 2.8lxl0"7
120 - 1.64x10“® 2.30x10“®
130 4.15x10-® 3.52x10“® 5-27x10“®
150 - 2.49x10“5 1.997xlO_s
170 6.31x10"5 5 .20x10“3 8 .98x10“5
190 4.38x10"4 2.67x10“4 5.4lxl0“4




and Free Energy of Activation 
Various Temperatures
Tempe rature, 0 C. ASa, E .U. AFa, kcal/mole
210 -11.04 34.8
190 -10.91 34.5





ASa was calculated from the Eying Equation using 
AHa = 29-47 kcal/mole; AFa = AHa - TASa *
















3.0 -  
2.8 -
2.6 —  
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ASa -AHa
(6 .02x10*“) (6 .62x10"87)
(8.51xl07)T e IT9H7 e 1.987T
This reduces to:
ASa = 1.987 [2.505 log (| 4.82X10"11) +
AFa was evaluated from the relation:
AP,a AHa - TASa
Free energy values were of the order 5^*5 kcal per 
mole and are given In Table V.
Determination of the Reaction Rate Dependence on Sulfur 
Concentration
A series of reaction mixtures was prepared with 
widely varying concentrations of sulfur. The concentration 
of reagent was high enough that it could be considered con­
stant during the initial reaction stages. The order of the 
reaction was then determined by the method of Vant Hoff(19) 
extended to cover a number of points rather than two. This 
treatment is outlined as follows:
Where: Cip, Cr and Cg are concentrations of thioketone, re­
agent and sulfur. Since the concentration of reagent is high
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it can be considered, essentially constant for the initial 
part of the reaction and it can be represented thusly:
dC = k2 [Cs]n = k3 (initial rate)
log acTdt = n log [Gg] + log k2initial
The values of Initial rate were obtained by plotting 
concentration of thioketone against time of reaction and 
determining the slope of the line. Straight lines were 
obtained in the early part of the reaction as shown for a 
typical series at 170°C. in Figure 8 . Data are given in 
Table VI for this series and also for those at 190°, 150° 
and 130°C. When log of the initial rate was plotted against 
log of sulfur concentration as shown in Figure 9* the slopes 
at 190°, 170° and 150° were very near 1 indicating a first 
order rate dependence on sulfur Concentration. The data at 
130°C. showed a slope near 1/2 Indicating a change in order 
of dependence to l/2. More limited data at 120 and 100° 
were studied and the 1/2 order was also indicated at these 
temperatures. Data from Tables I* II and III were used.




























Initial Rates with Varying 
Sulfur Concentrations *
gram atom slope, sec-1 





.1919.1251.0486 2 .6 7
4o —
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Reaction Time in Minutes
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TABLE VI
Conversion of Reagent to Thioketone at 
Variable Sulfur Concentrations
Reaction Time Absorbance Conversion1 Absorbance Conversion
Temperature 190°C., Absorbance determined 
on solutions containing 15 grams/liter 
of original reagent, 1 cm cells.
(seconds) 0.3915 (*) 0.3194(x)
15 .086 .0062 .119 .0085
45 .250 .0164 .211 .0151
75 .365 .0261 • 356 .0254
105 .602 .0430 .639 .0457
135 1.047 .0749 • 00 0 VJl .0576
(seconds) 0 .2731(1) 0 .2020^ )
15 .113 .0081 .108 .0077
45 .171 .0122 .160 .0114
75 .268 .0192 .288 .0206
105 .476 .0340 • 398 .0285
135 .633 .0453 .507 .0363
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TABLE VI (Continued)






155 • 572 .0266
Temperature 170°C., Absorbance determined 
on solutions containing 8 grams/liter 
of original reagent, 1 cm cells.
(minutes) 0.5551 0.2189 )
2 • o —o 00 .0104 .054 .0072
4 CO (A 1—1 • .0185 .109 .0146
6 .228 .0506 .184 .0247
8 .516 .0424 .227 .0504
10 .411 .0551 -
12 .498 .0668 .228 .0506
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TABLE VI (Continued)
Reaction Time Absorbance Conversion Absorbance Conversion
(minutes) 0.191^L) 0.1251^^
2 .057 .0076 .041 .0055
4 .102 .0157 .077 .0105
6 .160 .0215 .119 .0160
8 .209 .0280 _
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Reaction Time Absorbance Conversion Absorbance Conversion
Temperature 150°C., Absorbance determined on solutions containing 10 grams/liter 
of original reagent,» 1 cm cells.
(minutes) 0.512(1) 0.351(1\/ ~
6 .042 .0045 .059 .0063
10 .118 .0127 .112 .0120
14 .176 .0189 .112 .0120
18 .275 • 0295 .214 .0229
24 0CO• .0408 .316 .0339
32 •555 • 0595 .450 .0483
(minutes) 0.264^ 1) 0.204^ )
6 .065 .0068 .070 • 0075
10 - - .128 .0137
14 .150 .0161 .071 .0076
18 .174 .0187 .188 .0202
24 .500 .0322 - -
32 ' • 389 .0417 .326 .0350
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
TABLE VI (Continued)
4 6
Reaction Time Absorbance Conversion Absorbance Conversion
(minutes) 0 .159 ) 0.067^ )
6 .037 .oo4o .036 .0039
10 • o CO VJl .0091 .069 .0074
14 .115 .0125 .089 .0095
18 .127 ..0136 .101 .0108
24 .181 .0194 .096 .0103
52 .170 .0182 .149 .0160
Temperature 130°C., Absorbance determined 
on solutions containing 20 grams/liter 
of original reagent, 1 cm cells.
(minutes) 0 .4035^ 1) 0.3150^ 1)
15 .069 .0037 .063 .0034
50 .131 .0070 .113 .0061
45 .208 .0112 .187 .0100
60 • 503 .0163 0 268 .0144
90 .502 .0269 .463 .0248
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TABLE VI (Continued)
Reaction Time Absorbance Conversion Absorbance Conversion
(minutes) 0 .,2420^) 0.1779 (1)
15 .061 .0035 o057 .0031
50 .117 .0063 .112 .0060
45 .181 .0096 .124 .0067
60 .252 .0135 .236 .0127







1Gram Atom % Sulfur.
























o  o  cvi r<A
rH iH
.2-
0.8 0.9 1 j0 li 1.2 1.5 1.4 1.5 1 j6 1.7 
Logio (Sulfur Concentration x 102)
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A series of initial rate values were obtained from 
the data of Figure 9 by taking a sulfur concentration of 
0.25 gram atom % and reading log (initial rate) at the 
various temperatures from 100 to 190°C. (Table VII).
These log values were plotted against the reciprocal of 
the absolute temperature- in a typical Arrhenius plot 
(Figure 10). The slope of the line is -6l60 —  quite 
near that obtained previously by using the data from rate 
dependence on reagent concentration. The activation 
energy from this slope is 28.19 kcal per mole. It is 
noted that the two lower points, though determined from 
a limited amount of data,, fit quite well.
Determination of Hydrogen Sulfide
Determination of the amounts of hydrogen sulfide 
was first attempted by a method described, by Bell and 
Agruss(7)- This method consisted of adding an excess of 
standard silver nitrate to a benzene solution of the 
products and titration of the unused silver nitrate with 
ammonium thiocyanate in the presence of ferric indicator. 
It was recognized early that interfering materials were 
present since a flash of red precipitate could be seen 
immediately on addition of the silver nitrate.
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TABLE VII
Log of Initial Rate Values Obtained from 
Figure 9 at 0.25 gram Atom $ Sulfur






















Initial Rate Dependence on 
Temperature at 0.25 gram 
atom $ sulfur4.2 -
4.0 - 






AHa = 28,190 cal/mole1.0 -
0.8
24 2625 2520 21 22
104/T, °K
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Reference to the literature disclosed that thio- 
ketones form complexes with some metal salts such as mer­
curic chloride and silver nitrate(44). Addition of a few 
crystals of mercuric chloride to a blue solution of the 
thioketone resulted in complete removal of the blue color. 
The crystals of mercuric chloride had become deep red in 
color. Moreau(3l) described a method for determination of 
thioketones by titration with silver nitrate. Apparently 
the red precipitate which disappeared very rapidly was a 
complex formed by thioketone and silver nitrate. Titration 
of a solution of the reaction products with silver nitrate 
was abandoned as a method for determining hydrogen sulfide 
at that time. After some experiments with other methods 
the data in the above series of tests were corrected for 
the amount of silver nitrate consumed by thioketone and 
the hydrogen sulfide was calculated on the assumption that 
all additional consumption was by the hydrogen sulfide. 
These data.are given in Table VIII. During the initial 
reaction the amount of hydrogen sulfide formed and the 
amount of thioketone formed were essentially equal. Later 
In the reaction, the amount of hydrogen sulfide continued 
to increase but the amount of thioketone showed a decrease. 
This decrease in thioketone was observed previously In all 
reactions at high sulfur concentration.
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TABLE VIII
Comparison of Amounts of Thioketone and 
Hydrogen Sulfide from Measurements on 
Total Reaction Mixture
Time moles Thioketone x 10® moles H2S x 106
Temperature 210°C.j Reaction mixture: 
gram moles reagent/gram atom sulfur = 0.504
0 B.45 9.05
15 seconds 9-74 7.28
30 17.06 15.08
6o 19.83 16.07





130°C.j Same reaction 
as used at 210°C.
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Reactions were then carried out in open tubes with 
a gentle stream of nitrogen to flush the hydrogen sulfide 
through a fritted gas bubbler into a solution containing 
a measured amount of standard silver nitrate. The amount 
of H2S absorbed was determined by titration with ammonium 
thiocyanate. The amount of hydrogen sulfide measured in 
this way was much lower than the amount of thioketone which 
was determined on the remaining reaction mixture. This was 
repeated several times and data are given in Table IX.
No Indications were seen that the H2S had been lost 
or not completely absorbed In the silver nitrate solution. 
In order to study the amount of hydrogen sulfide by another 
method the use of ammoniacal cadmium chloride solution was 
used to absorb the hydrogen sulfide. After absorption of 
the liberated hydrogen sulfide, the absorption mixture was 
made acid and a measured excess of standard Iodine solution 
was added. The excess of Iodine was titrated with standard 
sodium thlosulfate to a starch endpoint. This method was 
described by West(6l). A series of reactions was carried 
out by this technique and data are shown in Table X. Here 
again the amount of hydrogen sulfide liberated Is appre­
ciably lower than the amount of thioketone formed during 
the reaction.
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TABLE IX
Comparison of Amounts of Thioketone and 
Hydrogen Sulfide from Measurements of 
Liberated H 2S Absorbed in Silver Nitrate Solution
Time ^1^moles Thioketone x 10® Mmoles H2S x 10®
Temperature 210°C.; 
gram moles reagent/gram atom sulfur = 2.065
0 3-41 2.50








reagent/gram atom sulfur = 2.074
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TABLE IX (Continued)
Time ^ m o l e s  Thioketone x 106 ^raoles H2S x 10s
Temperature 170°C.; 
gram moles reagent/gram atom sulfur = 1.952
1 minute 0.55 0.08






xAmounts of reacting materials used varied 
in the three series.
TABLE X
Comparison of Amounts of Thioketone and Hydrogen 
Sulfide from Measurements of Liberated H2S 
Absorbed in Ammoniacal Cd++ solution 150°C., gram moles reagent/gram atom sulfur = 0.602
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All the data obtained by measuring liberated hydro­
gen sulfide showed Initially about equal amounts of hydro­
gen sulfide and thioketone* but within a very short time 
the amount of hydrogen sulfide recovered was much lower 
than the amount of thioketone formed. These data differed 
considerably from the data obtained by treating solutions 
of the reaction mixture. It is now believed that the values 
obtained by the first method were more nearly correct. The 
low values obtained by measuring liberated hydrogen sulfide 
may have been due in part to inaccuracies of the methods 
for very small concentrations; however* it is believed that 
the explanation lies in either side reactions of the hydro­
gen sulfide with some components of the mixture* or its 
solubility in the products being such that it is not readily 
liberated.
In a recent paper Dogadkln(l3) used hydrogen sulfide 
in vulcanizing systems at 20°C. In the presence of free 
radicals he obtained reaction between the hydrogen sulfide 
and olefins present. Collins and Graymore(ll,12) described 
reactions between hydrogen sulfide and azomethines* which 
are similar to the reagent used here. Hydrogen sulfide is 
also known to react with elemental sulfur to form hydro­
polysulfides which would prevent the liberation of free
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hydrogen sulfide. The hydropolysulfides in solution would 
act as hydrogen sulfide when titrated as in the first 
method.
Because of these difficulties it was not possible to 
determine definitely the exact amounts of H2S formed during 
the reaction. Indications were obtained that the amounts 
formed initially are of the same order as the amount of 
thioketone. Techniques in which solutions of the reaction 
products are titrated appear to be a better method for de­
termining hydrogen sulfide than the absorption of liberated 
H2S since it is apparently held in the products quite 
strongly.
Determination of Benzonitrile
Determination of amount of benzonitrile was first 
attempted by recovery in a cold trap. Because of the very 
small amounts involved this proved to be impractical. Fur­
ther attempts were made to determine amounts by infrared 
absorption at 4.5 The concentrations obtained in solu­
tions of reaction mixtures were so low that absorption was 
negligible. Appreciably larger samples would be required to 
obtain the high concentrations necessary for satisfactory 
infrared determination. This should result in a satisfactory
method as there are no interfering absorptions by other com­
ponents at this wavelength. Since the use of vapor chroma­
tographic methods proved adequate Infrared methods were not 
investigated further*
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Use of a high temperature F & M Scientific Glass­
ware Company vapor chromatograph unit with a "Celite" 
packed column four feet long containing silicone grease 
fluid at 135°C. resulted in a sharp separation of benzo- 
nitrile with a retention time of fourteen minutes. Re­
tention time and characteristics were Identical to those 
of an authentic sample used for calibration. Highly con­
centrated solutions of the reaction mixture were prepared 
in either benzene or carbon disulfide and 10 to 30 micro- 
liters of solution were injected into the column by use 
of a microliter syringe. Reproducible peaks were obtained 
on repeated analyses. The amounts of benzonitrile and 
thioketone were essentially the same initially, indicating 
that in early stages they are probably formed by the same 
reaction. The data are shown in Table XI and Figure 11.
Data were obtained for the thioketone and benzonitrile on 
separate samples and some values are as read from the curve 
and other values are by extrapolation. Benzonitrile values 
at very short reaction times and thioketone at long reaction 
times are by extrapolation. When samples were taken at dif­
ferent times, comparative values were read from the curve.
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TABLE XI
Comparison of Benzonitrile and 
Thioketone at 170°C.
Reaction moles Thioketone moles Benzonitrile
Time mole Original Reagent mole Original Reagent
gram moles reagent/gram atom sulfur = l .88
1 minute .006 .004^a)









1Points read from the curve.
2Points from extrapolation.
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Determination of benzonitrile was not pursued fur­
ther; however, it appears to offer a satisfactory approach 
for studying the reaction to higher conversion levels. The 
benzonitrile formed is apparently stable and indications 
are that side reactions are absent or limited. The possi­
bility that benzonitrile is being formed by another reac­
tion after thioketone reaches a maximum cannot be overlooked. 
Benzonitrile in the later stages could possibly be formed 
from decomposition of an intermediate described later.
Unidentified Products
Hydrogen sulfide and benzonitrile were Identified as 
reaction products by Schonberg(44) and confirmed by this 
work as well as by others(39,40). Infrared spectra had in­
dicated that some product or products were being formed in 
addition to the thioketone, hydrogen sulfide and benzoni­
trile. In this work two additional products have been found 
and studied. Although certain generalizations can be drawn 
concerning their nature, they have not yet been positively 
identified.
Separation of reaction products was carried out by 
procedures outlined in qualitative organic chemistry texts 
(10,30). For this purpose reactions were carried out with 
excess reagent and reaction times were limited to minimize
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the formation of possible side reaction products. The 
reaction mixture was dissolved in ether and found to be 
completely soluble. This indicated that all the sulfur 
had been reacted and that no tetraanisylethane or tetra- 
anlsylethylene had been formed, since they have been re­
ported to be insoluble in ether(35)-
The ether solution was then extracted with 5$ 
aqueous sodium hydroxide; the aqueous layer became bright 
yellow. This basic extract when made acid became colorless 
and a small amount of material was recovered by ether ex­
traction. The extracted material had a rather pleasant 
odor somewhat like burnt sugar. Since the original reagent 
was insoluble in a solution of sodium hydroxi.de indications 
were that this material was a product of the reaction. Only 
a small amount of this product (approximately 1$ based on 
original reagent) was recovered in each test. A micro de­
termination of molecular weight by the Rast method indicated 
its molecular weight to be 392. Its solubility in base in­
dicates that it contains acidic functional groups —  possibly 
mercapto or imino groups; however, the product did not give 
a lead mercaptide when added to lead acetate solution in 
ethanol. The pleasant odor was not indicative of mercaptans 
or thiophenols. Infrared spectra of this product when com­
pared to the spectra of original reagent were much different
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at the wavelengths where absorption from monosubstituted 
phenyl groups occur (13.4m., 13.65m- and 14.3m-)* This sug­
gested that the phenyl group of the reagent had either been 
removed or attacked In the ring to give polysubstltutIon.
The absorption band at 13.05M. associated with the diphenyl- 
methylene was still present. This compound was recovered 
In such small amounts that the number of tests which could 
be made was very limited.
The ether solution after extraction with aqueous 
NaOH was extracted with 5$ aqueous hydrochloric acid. A 
considerable amount of material was extracted by the acid 
solution. Hydrolysis products were observed in a short 
time in the cold acid solution. Hydrolysis products were 
found to be p,p'-dimethoxybenzophenone and. benzylamine from 
the unreacted reagent. After hydrolysis was apparently 
complete the acid solution was filtered and made slightly 
alkaline. An appreciable amount of white precipitate 
appeared which was readily extracted by ether and recovered 
as a fine white powder. When dissolved in carbon disulfide 
for infrared spectra determination it gave a colorless solu­
tion; however, overnight it was found to have developed a 
deep blue color which is characteristic of the thioketone. 
Infrared spectra of the solution before color developed was 
similar to that of reagent but differed sharply at three
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wavelengths. The band associated with the diphenylmethylene 
group at 1 5 .0 5 m- was absent. A strong band with peaks at 
11.2 and 11.5M- was present and an additional band at 7-55M- 
was also observed. After the solution had developed a deep 
blue color the infrared spectrum differed only in that the 
13.05|jl diphenylmethylene band had appeared. Samples of the 
white powder dissolved in benzene to give a colorless solu­
tion and it remained colorless for several months. Color 
development was repeatedly observed in carbon disulfide 
solution within a short time after solution of the white 
product. Solution's of reagent alone and of reagent and 
sulfur in carbon disulfide were prepared and they showed 
no development of color over long periods of time. Heating 
of the unidentified white powder at 170°C. for extended 
periods caused no noticeable change in appearance other 
than melting.
The infrared absorption bands at 1 1 . 2 ,  1 1 .5  and 7-55M- 
have been noted before(39,^0). They were observed to in­
crease during the early stages of the reaction, to reach a 
peak and then to decrease on continued heating, much as the 
concentration of thioketone does. For some time it was 
thought that these bands were associated with the thioke­
tone but after removal of the thioketone these bands are 
still present in the infrared spectrum of the reaction mix-- 
ture.
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Three seriv ̂ of reaction mixtures were prepared 
with variable sulfur concentrations. Reactions were car­
ried out for various periods of time and the infrared 
absorption was measured on fresh carbon disulfide solutions 
of the reaction mixtures. The change in absorbance at 
13 with time was studied to determine the dependence of 
rate of appearance of this unknown product on the sulfur
concentration. Values for (dA| were obtained as
initial
the slope of the lines at three sulfur concentrations
(Figure 12). Data are in Table XII. A plot of log
fdA) vs. log (sulfur concentration) has a slope of
initial
0.9 indicating a first order dependence of rate of appear­
ance of the product on sulfur concentration.
In Chemical Applications of Spectroscopy by Weiss- 
berger(59) absorption frequencies near the bands in ques­
tion were assigned to ring vibrations. Literature references 
indicated that heterocyclic ring structures usually show 
absorption bands in the Tm- and lip. regions. Burkett and 
Badger(8) report spectra for p-dioxane and tetrahydropyran. 
The absorption bands for dloxane at 7-3P- and 11.2-11. 3p- are 
very similar to those of the unidentified product. Barrow 
and Searles(2) report absorption in the region of these








Infrared Absorbance at 1 1 .2 m., 
at Three Sulfur Concentrations
116173 174 175
Logio (Sulfur Concentrations x 102)
0.6
0.5
Gram atom Slope 





Reaction Time in Seconds
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
68
TABLE XII
Infrared Absorption Measurements on 
Reaction Products at 11.2|x
Time (seconds) Absorbance^1)
Reactions at 190°C.j Variable Sulfur Con­
centrations; Solutions in carbon disulfide 
to contain 15 grams/liter of original reagent*
o .3195^2) 0 . 2 7 3 l ( 2 ) 0 .2020  (
15 0 .2 4 4 0 .2 4 4 0 .2 4 0
45 0 .3 3 9 0 .3 0 5 0 .2 8 8
75 0 .4 0 4 0 .3 6 6 0 .361
105 O.505 0 .4 3 8 0 .4 0 9
155 0 .6 4 0 0 .4 8 0 0 .420
xAbsorbance was determined on 5 mm path lengths 
in a variable cell at 11.2 |jl. Solvent was com­
pensated for by using a variable cell in the 
reference beam.
2Gram atom $ sulfur.
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wavelengths for trimethylene oxides, tetrahydrofurans, tri- 
methylene imines, trimethylene sulfides and larger rings 
of similar composition. The infrared absorption spectra 
of the unknown product strongly suggest that it contains 
a heterocyclic ring.
In an attempt to speed up the hydrolysis of unre­
acted reagent and thus separate it from the unidentified 
acid soluble product, the 5$ hydrochloric acid solution was 
heated to boiling. This apparently resulted in hydrolysis 
of the product as none of the white powder was recovered. 
Instead, a brown oily product was recovered.
On the assumption that the product in question could 
contain sulfide linkages, an attempt was made to prepare 
the sulfones. The product was dissolved in acetic acid and 
oxidized with potassium permanganate. A fine crop of white 
needle like crystals was obtained but rather than the sul- 
fone it was found to be p,p'-dimethoxybenzophenone by in­
frared spectra comparison and melting point.
The characteristics of the unidentified acid soluble 
compound are summarized: It is soluble in aqueous 5$ hydro­
chloric acid Indicating one or more basic functional groups. 
It is stable to hydrolysis in the cold but can be hydrolyzed 
in boiling 5$ hydrochloric acid. Solutions of the product 
in carbon disulfide are colorless initially but a deep blue
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color develops within a few hours. Solutions in benzene 
are colorless and remain colorless. Heating of the product 
at 170°C. causes no noticeable changes other than melting. 
The infrared spectrum of the unidentified product is quite 
similar to that of Schonberg's reagent with differences at 
7-55ll.2-ll.3M-i and 13.05H-. The absorption at 13-05H- 
which is associated with a diphenylmethylene group is absent 
and two new absorption bands are present at 7-35 and 11.2- 
11.3J1. These new absorption bands are suggestive of a 
heterocyclic ring structure. The weight of material formed 
was approximately the same as that of thioketone formed. 
Quantitative separations were not made. Some possible 
structures are suggested later in the section on mechanisms.
After basic and acid extraction, the ether solution 
apparently contained only the thioketone, benzonitrile and 
some p,p1-dimethoxybenzophenone. There were no indications 
of the presence of high molecular weight insoluble products 
such as tetraanisylethane, tetraanisylethylene or tarry 
products. Products of this type can result if the reaction 
products are subjected to continued high temperatures. Prom 
the ether solution two apparently different products were 
obtained. One was a blue needlelike crystal which could be 
dissolved in methanol. The other was a green amorphous 
paste that was insoluble in cold methanol and showed, no
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tendency toward crystallization. Both green and blue 
products were readily soluble in benzene or carbon disul­
fide. The infrared spectra of the two products were ident­
ical and the absorption curves were identical in the visible 
region near 590 mpt when optical density was adjusted to the 
same point by adjusting concentrations.
Elemental Analyses and Molecular Weight Determinations
Because of the small amounts of reaction products 
available for analysis, samples of four products were ob­
tained and sent to Dr. Alfred Bernhardt, Mulheim (Ruhr),
West Germany. Dr. Bernhardt specializes in elemental 
analysis on micro quantities. The following four products 
were sent for analysis:
1. The base soluble unidentified product.
2. The acid soluble unidentified product.
5. Blue crystal thought to be thioketone.
^. Green amorphous paste.
Table XIII shows the analyses he obtained.
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TABLE XIII
Elemental Analysis of Unidentified Products
Sample Weight $ Molecular
Number Carbon Hydrogen Nitrogen Sulfur Oxygen1 Weight
1 Sample too small 392
2 80.4 6.54 4.81 0.51 7.74 320
3 75-65 5-94 0.54 1.22 18.65 248
4 68.18 5.61 1.34 12.85 12.02 330
10xygen was obtained by difference.
Examination of the data indicates that the samples 
contained some impurities. Sample 2 with the exception of 
the small amount of sulfur was very similar to the original 
reagent, the calculated percentage composition of which is 
79•76$ carbon, 6.34$ hydrogen, 9-67$ oxygen, 4.23$ nitrogen, 
0$ sulfur, and 331.4 molecular weight.
Sample 3 when corrected as if the nitrogen were from 
benzonitrile impurity appears to be a mixture of p,p'-di- 
methoxybenzophenone and p,p'-dimethoxythiobenzophenone in 
a ratio of about 9 moles to 1 mole. Apparently enough of 
the thioketone crystallizes with the ketone to give it a 
blue color.
Sample 4, the green product, corresponded closely 
in percentage composition to p,pr-dimethoxythiobenzophenone.










Molecular Weight 258.3 350.0
Later it was observed that a blue product which was 
completely soluble in methanol, after evaporation of the 
methanol and exposure to air, became green and insoluble 
in methanol. It appears that a portion of the thioketone 
on exposure to air is converted to a higher molecular 
weight compound —  probably the disulfide. This would 
account for the higher molecular weight and possibly for 
the green color if the yellow disulfide and blue thioke­
tone blended to give a green color. The nitrogen probably 
resulted from benzonitrile.
Sample 2 with analysis very near that of the origi­
nal reagent was prepared in the usual manner described 
previously. No other tests were runjon this particular 
sample and it is possible that it is not representative 
of the acid soluble products usually obtained.
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Effect of Additives on the Reaction
Neely(39) reported that addition of sodium nitrite 
prevented the reaction between sulfur and the reagent; 
however, during the present investigation the reaction 
was found to proceed quite readily in the presence of 
rather large amounts of sodium nitrite. The rates were 
somewhat slower as shown by the data in Table XIV. Part 
of this retardation could be due to a dilution effect.
This point was not studied further as the purpose of the 
tests was to determine if sodium nitrite completely pre­
vented the reaction.
Numerous references indicate that the presence of 
amines and other bases(12,13*^2) increase reaction rates 
of sulfur. Morpholine was chosen as a satisfactory amine 
in this work because of its high boiling point so that 
sealed tubes could be used at relatively high temperatures. 
Mixtures of morpholine, sulfur and reagent were prepared. 
The resulting solution was red in color and upon heating 
to 170°C. it became dark blue (almost black) indicating a 
very rapid reaction as compared to the normal observation 
of rate of reactions for sulfur and reagent alone. On 
cooling, the color returned immediately to red. The ex­
periment was repeated a number of times with the same re­
sult. Even on continued heating for long periods no
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TABLE XIV
Effect of Sodium Nitrite on Conversion 














13-73 15.60 24.26 0.880/1/1.555 .454 .061
7.48 3.43 11.32 2.240/1/3.300 • 532 .071
22.33 10.92 0 2.050/1/0 .806 .108
xAbsorbance was measured on a benzene solution of 
reaction mixture containing 8 grams original re­
agent. Reaction time for all mixtures was 24 
minutes.
Conversion represents moles thioketone per mole 
of original reagent.
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evidence of the normal reaction to form thioketone was
observed. This indicates that morpholine in some way__
prevents the usual reaction. Similar mixtures of mor­
pholine and sulfur without reagent present were then 
prepared and found to show the same behavior, being red 
at room temperature, then going to deep blue or black 
at 170° and returning to red after cooling. A search of 
the literature showed several references to the use of 
sulfur and morpholine mixtures in the Willgerodt reac- 
tion(42,4j5) • No mention of the reversible color change 
observed here was found. This point was not pursued fur­
ther but may be of interest for additional investigation.
Discussion of Mechanism
Possible mechanisms for the reaction are discussed 
on the bases of kinetic studies and qualitative experi­
mental observations. p,p'-Dimethoxythiobenzophenone is 
formed during the reaction at a rate indicating first 
order dependence on both sulfur and reagent concentrations 
in the temperature range from 150° to 210°C. The dependence 
of rate of formation on sulfur concentration apparently 
changes to 1/2 order below 150°C.
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Obviously the first step in this reaction is acti­
vation of the Ss sulfur molecule which normally exists as 
a ring, (Se £  *Ss')* this particular reaction two 
mechanisms are likely and both probably contribute.
Thermal activation to the diradical with subsequent 
polymerization to longer chains has been reported in numer­
ous studies. In the presence of active substances polymeri­
zation of sulfur to long chains is not probable. This 
thermal activation is associated quite closely with the 
transition temperature of 157°C. and radical concentration 
drops off very sharply in molten sulfur below this point 
(16,20,47). ---- ----
Basic materials such as amines and phosphines have 
been observed to activate the Ss ring opening(3,5l) at 
lower temperatures. The postulated mechanism for this 
activation is an interaction of the Ss ring with an elec­
tron pair of the nitrogen or "phosphorous, then a splitting 
of the ring to form a polar sulfur chain. This polar sul­
fur chain can split up to yield’ *SX * diradicals, it can 
react with other sulfur rings to open the ring and grow 
longer polar chains or it may without other modification 
enter into dipole-dipole reactions. With the Schiff base 
reagent of the present investigation the Interaction with 
sulfur can be represented as follows:
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The concentration of sulfur diradicals would very 
probably be a function of the sulfur concentration. Above 
150°C. with both thermal and polar activation of the Se 
rings the diradical concentration would probably be com­
paratively large and polar induced ring opening would not 
be rate controlling. Below the transition temperature all 
the ring opening would be by polar mechanisms and it should 
be the rate controlling step. The actual concentration of 
sulfur diradicals present by polar activation would be a 
function of the base concentration as well as the sulfur 
c one ent rati on.
Recently Fitzpatrick and 0rchin(l7) observed a frac­
tional order of dependence on selenium concentration in the 
selenium catalyzed cls-trans isomerization of 9-octadecenolc 
(olelc-elaidic) acids. They explained the fractional ex­
ponent of 1/3 on the basis of the following equilibrium:
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Se8 v Se6 + Se2 
!
3Sea
A similar equilibrium is proposed in the reaction 
between sulfur and the Schiff base:
In this way the diradical concentration would be 
proportional to some fractional power of the sulfur con­
centration.
Once the diradicals are established, they should 
react rapidly by extraction of the benzylic hydrogens on 
the reagent. The following possibilities are suggested:
S8 + B 5  SsB ^  B+Sa-^  B+Si_x + *SX *
H3CO-<fA
;C=N-C 
h3co-/ y  H
I II
HsCO-^J.
H a O O - Q
II III
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
80
It is probable that because of its higher stability 
the III form more nearly represents the structure of the 
radical.
H3C0-<r\ . H3C O - 0 X . .
W \ c_n=c_ ^ A  + -S * -  X  .C-N=C- f >  + HS^
H 3 C O - 0 /  H ' HsC O - Q /  X'“ /
III
H3C0
w N £ n =c- < P
h 3co- < ^ V ^  h ^
H3C 0 / ) n X  ^  H3C° - 0 \  /T\
)=(p-K=C-(/ V  -Sx - -  > <  C=S+NEC-(/ )+ HS- + -S •
H a C O - Q /  W  X H 3CO-0 ^  W  X X 1
V YI VII
The above step could explain the production of the 
thioketone VI, benzonitrile VII and the HSX * could abstract 
a hydrogen forming HSXH -*• H2S + ‘sx-i* the concentration
of V is proportional to the concentration of reagent I and 
•S • is proportional to the sulfur concentration, the rateu\.
of appearance of thioketone would be first order with re­
spect to both. Exactly this dependence was observed during 
the kinetic studies.
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In all steps, the *S • diradicals are assumed to 
have equal reactivity regardless of the value of x. This 
assumption has been used by others(55) with satisfactory 
results.
Numerous other possibilities exist for reaction of 
the various radicals and diradicals of the above scheme.
Several are listed here:
/T~\ HaCO-^- /f~\> 7N=C-f ^ -  )=< G: + N=C-( >
H a C O - Q ^
IV VIII VII
VIII could then react rapidly with ‘Sx * to give VI 
and or to dlmerlze to:
h 3c o- 0 V c = c/Q - 0 0 H 3
^^^-OCHa 
IX tetraanisylethylene
Dimers can also be visualized for II and III. These 
products with active hydrogens remaining could react fur­
ther and reach high molecular weight. No products of high 
molecular weight or IX were observed.
A product which probably has a heterocyclic ring
structure was observed. Several possibilities are sug­
gested for forming such rings.
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Because of sterie factors the head to tail arrange­
ment Is more probable. A compound of this type should ex­
hibit the characteristics and an infrared spectrum quite 
similar to the unidentified acid soluble product. It 
seems difficult, however, to explain how carbon disulfide 
can react with X to give the blue colored thioketone.
Either XI or XII could dimerize head to tail or 
react with each other to give:
Compound IV could react with 'Sx*. to form:
XI XII
° T T o
™ 0- O < h £ q
H3C O - Q >
XIII
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Another possibility for a cyclic product is the 
reaction of IV with *SX * to give an Intramolecular cyclic 
structure.
H3 C ° . Q X  N
H3 ° ° - < y  Nsr - ° - 0
XIV
One analysis of the cyclic reaction product indi­
cated the absence of sulfur as a component. This result 
is considered doubtful and the presence of sulfur in the 
compound is possible.
The most logical explanation of a base soluble 
product is by ring attack on the benzylic group:
H3C O - ^ V  H SJ. H3C O - ^ V  H SH
)=( ̂ C=N-C-{ } ^  /C=N-C-<f \  -SH
H3°° H H3CO-/_V H \=/
XV XVI
H3CO-<f V SHW  c=N-6— <? ^ - SH 
h 3c o- /  y  h
XVII
Compounds XVI and XVII have molecular weights of 
595 compared to the observed value of 592j however, no 
evidence of the presence of thiol groups was observed.
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In reaction mixtures with large concentrations of 
sulfur, the thioketone was observed to decrease in the 
later reaction stages. This could be explained by inter­
action of free radicals with the thioketone. Thioketones 
are known to exist in the triplet diradical state which 
should be fairly active.
Radical XIX could dimerize easily and would go to 
the disulfide. Shifts of the type from XVIII to XIX were 






h 3oo- 0 x h _s
H3CO-/ x
XIX
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An interesting possibility is suggested by the 
work of Ingold and co-workers(25-27)• They studied 
prototropic shifts of Schlff bases In alcoholic sodium 
ethoxide at temperatures below 100°C. Equilibria of the 
following type were observed to be approximately 50/50.
This is an Interesting possibility in the present 
case as two reactions appear to be occurring with each 
consuming about the same amount of reagent. The condi­
tions are quite different from those used by Ingold and 
are not usually conducive to prototropic shifts.
Cyclic dimers and trimers of both I and XX can be 
visualized; however, both would still have active benzylic 
hydrogens. Free radicals of the same type as discussed 
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CHAPTER V
CONCLUSIONS AND SUGGESTIONS FOR 
FURTHER INVESTIGATION
Conclusions
The reaction between elemental sulfur and reagent 
occurs by a free radical mechanism, wherein sulfur di­
radicals, from open Se rings, attack the benzylic hydro­
gens of the reagent. Rearrangement of the resulting free 
radicals and further reaction with free radicals In the 
mixture can explain all identified products and provides 
postulated products that should have characteristics vezy 
similar to the twp unidentified products.
Opening of the sulfur ring to form diradicals occurs 
both by thermal activation and by activation resulting from 
interaction with the nitrogen group of the reagent. At 
temperatures below 150°C. thermal activation should be 
negligible and this could account for the observed change 
in order for sulfur concentrations below 150°C.
Two reactions occur at approximately the same rate 
and simultaneously. One leads to the identified products, 
thioketone, benzonitrile and hydrogen sulfide. The other 
reaction leads to a cyclic product which in carbon disulfide
86
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solution decomposes or reacts to give the thioketone. This 
cyclic product increases in concentration during the early 
reaction stages and later decreases. The rate of appearance 
of thioketone shows a first order dependence on both sulfur 
and reagent concentrations from 150°C. to 210°C. Below this 
temperature, the order with respect to sulfur concentration 
changes to 1/2. In initial reaction stages benzonitrile 
and hydrogen sulfide concentrations are nearly the same as 
that of thioketone.
The second unidentified product which has acidic 
properties probably occurs through ring attack on the 
benzylic group.
Suggestions for Further Investigation
The present work has suggested a number of possibili­
ties for additional study. Perhaps the most interesting is 
further study of the acid soluble unidentified product.
Large scale reactions of reagent and sulfur could be carried 
out and the acid soluble product isolated in quantities large 
enough for study. It should be positively identified. The 
rate jof appearance of the blue thioketone in carbon disulfide 
solution at room temperature could be easily measured and 
other products of this reaction or decomposition should be 
determined.
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A study of the kinetics of the reaction between 
sulfur and reagent on the basis of benzonitrile concen­
tration should be interesting since it could be studied 
to higher conversions than on the basis of thioketone.
The mechanism of the reaction could be established 
more clearly if reactions were carried out with sulfur and 
the three Schiff bases below:
This is an isomer of the reagent used in this study 
with only a tautomeric shift. Rates of reaction of this 
compound, and sulfur should be appreciably different and 
products could be quite different also.
It would be Interesting to determine if the above 
two compounds reacted with sulfur, how the rate changes
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and what the products would be. It can be seen that 
benzonitrile would not be easily formed from either and 
in the second no benzylic hydrogens are present.
Attempts to secure the three Schiff bases from 
chemical suppliers were not successful and none of the 
chemical specialists seemed interested in making small 
quantities. Ingold and co-workers(25-27) made many Schiff 
bases and procedures are outlined in their work. They did 
not make the specific ones listed here.
It would also be of interest to Identify the product 
which is soluble in aqueous sodium hydroxide when larger 
samples are available.
A study of the sulfur-morpholine mixture may be of 
interest. Apparently there is some type of equilibrium 
established which shifts rapidly with temperature.
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